[1] This contribution uses finite-element analysis to simulate microstructural failure processes and the tensile strength of snow. The 3-D structure of snow was imaged by microtomography. Modeling procedures used the elastic properties of ice with bond fracture assumptions as inputs. The microstructure experiences combined tensile and compressive stresses in response to macroscopic tensile stress. The simulated nonlocalized failure of ice lattice bonds before or after reaching peak stress creates a pseudo-plastic yield curve. This explains the occurrence of acoustic events observed in advance of global failure. The measured and simulated average tensile strengths differed by 35%, a typical range for strength measurements in snow given its low Weibull modulus. The simulation successfully explains damage, fracture nucleation, and strength according to the geometry of the microstructure of snow and the mechanical properties of ice. This novel method can be applied to more complex snow structures including the weak layers that cause avalanches. Citation: Hagenmuller, P., T. C. Theile, and M. Schneebeli (2014), Numerical simulation of microstructural damage and tensile strength of snow, Geophys. Res. Lett., 41,[86][87][88][89]
Introduction
[2] The fracture of snow causes avalanches [Schweizer et al., 2003 ], which constitute a major natural hazard in alpine environments. Persistent uncertainties in how initial cracks form in snow require investigation into tensile strength and damage formation in snow at the microstructural level. Current models assume a weak zone when applying fracture mechanics [McClung, 2011] to failure predictions for realworld conditions. How this weak zone initially forms is unknown. This lack of understanding is partly due to difficulties in measuring the mechanical properties of snow, given its brittle and friable nature.
[3] Snow consists of air and sintered ice crystals or grains. These grains fuse to form bonds, or junctures, that range in size from 10 to 1000 m and which concentrate stress. The bonds are more likely to fail than other structural elements, but their failure processes have not been systematically studied. The primary failure of slab avalanches occurs Additional supporting information may be found in the online version of this article. in layers having a thickness of less than a few centimeters. Field and laboratory tests have provided only a very limited number of direct mechanical tests of this surface [Reiweger and Schweizer, 2010] . Snow under tensile stress fails at very low levels of strain (less than 0.1%) and high strain rates [Narita, 1980] . Three-dimensional modeling of mechanical processes could, therefore, significantly improve understanding of fracture initiation at the microstructural level.
[4] The 3-D reconstruction of snow has become a standard technique over the past decade [Heggli et al., 2011, and references therein] . The use of the 3-D microstructural simulations has informed understanding of both thermal properties [Riche and Schneebeli, 2013] and metamorphism [e.g., Chen and Baker, 2010; Pinzer et al., 2012] . Schneebeli [2004] also used microstructural modeling to simulate the elastic modulus of snow.
[5] This paper describes results from numerical simulations of microscopic and macroscopic damage processes in snow that can ultimately lead to its failure. Empirical observations of mechanical properties of ice in the brittle regime [Schulson and Duval, 2009] and the 3-D microstructure provided inputs to the simulations. This research specifically focused on fast, brittle deformation under tensile load as a damage process. The tensile strength of snow ranges from 0.1 kPa to 1000 kPa for a density of 100 to 600 kg m -3 . This nonlinear, approximately logarithmic relationship between strength and density, arises from microstructural variation in snow. Experimental results by Narita [1980] , for example, have shown that identical snow samples having a density of 300 kg m -3 range in strength from 20 kPa to 70 kPa.
Data and Methods

Snow and Sample Preparation
[6] A 30 30 30 cm 3 snow block was collected during the 2010-2011 winter from a field locality near Davos, Switzerland, and stored at -20 ı C. The block was homogeneous and consisted of small rounded grains (RGsr). Eleven cylindrical samples (13 mm radius by 40 mm height) were cored from the block. Small aluminum plates were thermally welded to the top and bottom of the sample columns in order to evenly distribute the applied tensile force. A volume near the center of the column was pared down to a diameter of 7-10 mm (Figure 1a) , so that the columns resembled a standard notched tensile test specimen.
Experimental Methods
[7] The sample columns were imaged using microcomputed tomography (micro-CT). A micro-CT 40 (Scanco Medical) operated at a resolution of 16 m (Figure 1b deviation 2 voxels). The ice phase was segmented according to the minimum of the bimodal attenuation histogram. A segmented volume of 125 125 125 voxels (4 4 4 mm 3 ) at 32 m resolution was extracted within the pared zone ( Figure 1c ). Sensitivity analysis showed constant elastic moduli and tensile strengths for volumes greater than about 22 mm 3 (2.8 mm 2.8 mm 2.8 mm; Figure S4 in the supporting information). These dimensions may vary for different types of snow.
[8] Following collection of each CT image, the snow columns underwent a tensile test performed at -20 ı C. The tests consisted of a manually guided vertical (z axis) force imposed to the point of sample failure ( Figure 1a) . A dynamometer (0.1 N resolution) recorded maximum force with an uncertainty of about 10%. Manual loading did not allow precise control of the strain rate. The strain rate was around 10 -4 s -1 , given a 1 s mechanical test and a simulated strain at failure of around 10 -4 . The measured tensile strength, † max , was derived from the maximum force, F, and the cross-section minima of the snow column within the pared zone, S, as determined from the CT image, with † max = F/S.
Numerical Simulation
[9] The extracted 3-D volume was modeled into tetrahedral finite elements using ANSYS ICEM mesh generation software (www.ansys.com) (Figure 1d ). The mesh was generated from the triangulated surface of the ice volume using a marching cube algorithm. A curvature-based refinement algorithm was used to coarsen the mesh along flat surfaces. This step reduced the number of elements but retained smaller elements at junctures between snow grains, which experience the highest stress gradients.
[10] The micromechanical model used the following material properties of ice as inputs. The model assumes brittle properties (i.e., elastic until failure), consistent with the range of strain rates observed [Schulson and Duval, 2009] . Because absorption tomography cannot determine ice grain orientation, and given the ice's anisotropic mechanical properties, we used orientation-averaged values. Tensile strength may vary from 2 to 6 MPa, and unconfined compressive strength may vary from 12 to 32 MPa, depending on crystal orientation [Schulson and Duval, 2009] . For averages, we assumed a Young's modulus E ice = 9.5 GPa, a Poisson's ratio ice = 0.3, a tensile strength ice,t = 4 MPa, and a compressive strength ice,c = 20 MPa [Schulson and Duval, 2009] . The maximum stress criterion (Rankine criterion) was used as a fracture criterion. This criterion states that failure occurs in a mesh element if one of the principal stresses reaches either ice,t or ice,c .
[11] To expedite simulation, failure was assumed intergranular. If a given junction between two grains reached fracture criterion, a crack instantly disconnected the two grains. A watershed segmentation algorithm mapped possible crack paths (see Figure 1d ) and outlined rounded grains [Theile and Schneebeli, 2011] . The model used iterative elastic simulations on an evolving ice microstructure with progressive microcrack formation to image the overall failure of the sample. In simulations, the meshed microstructure was subjected to a vertical tensile load. In keeping with mechanical experiments, a vertical displacement (strain prescribed), U, was imposed on the top face (Figure 1d) , with the bottom face fixed.
Results
[12] In terms of structural properties, samples exhibited a mean density of 354˙17 kg m -3 (1 ) and a mean specific surface area of 12.6˙0.3 m 2 kg -1 (Table S1 ). For the sake of brevity, we plot simulation results for one sample (Figures 2-4) . These results resembled those measured for the entire set of samples (Figures S1-S3) .
Microscopic Aspects of Snow Failure
[13] Analysis of the stress distribution within the undamaged microstructure revealed a high degree of localization in the spatial distribution of the vertical stress, zz (Figure 2a) . Junctures between grains seemed to concentrate stress. Bending effects also enhance this localization by creating local compression ( zz < 0) on the opposite side of a bond experiencing local tension ( zz > 0) (Figure 2a) . In quantitative terms, the stress distribution histogram (Figure 2b) shows that the 95th percentile of zz values exceeds mean values by a factor of 6. The maximal stress exceeds the mean value by a factor of 100. Thirty-three percent of the ice matrix experiences compression under macroscopic tensile deformation (Figure 2b) .
[14] The iterative numerical simulation also offers insight into progressive damage from increasing strain (Figure 2b and Movie S1). Damage occurred first in a spatially distributed manner (macroscopic strain in z direction E zz < 2.5 10 -4 ) (Figure 4) . A few bonds (less than 5%) experienced damage at relatively low strain. Toward the end of the simulation, the broken bonds form a failure surface that propagates into a complete fracture. About 75% of the broken bonds contribute to the final failure surface.
Macroscopic Aspects
[15] Young's modulus, E, was calculated from the ratio between the simulated macroscopic strain E zz and stress † zz . Damage, D, is defined as D = 1 -E/E 0 . E 0 and E are Young's moduli of the intact and damaged microstructure, respectively. Strain E zz and stress † zz share a linear relationship up to a macroscopic strain of E zz < 0.4 10 -4 (Figure 2b ). The value for E 0 was 226 MPa. Values for E decreased very slowly until about 5% damage. The stress eventually reached its maximal value of † max = 23.7 kPa at a strain of E zz = 1.4 10 -4 . † max is often reached after substantial damage, but here it was reached at about 20% damage. The simulations are strain controlled, such that postpeak softening can be monitored until the sample has completely severed into two parts (Figure 4) . The stress remained almost constant after damage reached about 20%, apparent as pseudo-plastic behavior in the strain-stress curve.
[16] The measured tensile strength of all samples (17˙8.5 kPa) was 35% less than the simulated strength (23˙10 kPa). The measured and simulated strengths are not strongly correlated (R 2 = 0.09, p = 0.36, residual standard error = 10 kPa; Figure S5 ). The density and simulated tensile strength, however, are strongly correlated (R 2 = 0.85, p < 0.001), as are density and simulated Young's modulus (R 2 = 0.94, p < 0.001). Simulated Young's modulus is also strongly correlated with simulated tensile strength (R 2 = 0.93, p < 0.001).
Discussion
Microscopic Features
[17] We observed a tensile macroscopic strain causing microscopically compressive (30%) and tensional stress (70%) in snow samples. An imposed macroscopic compressive strain will have the opposite effect, but failure will be induced still due to the significantly lower tensile strength of ice. Rock fracture experiments and observations have documented the effects of tensile stress concentration under compressive macroscopic stress [Bessinger et al., 1997] . Under conditions of microcompressive damage, the resultant bending of the bonds (Figure 2a) creates gaps that will not easily re-sinter. These findings can help inform fiber bundle models, in which re-sintering plays an important role [Reiweger et al., 2009] .
[18] The simulations show that damage of several bonds does not immediately result in macroscopic crack formation. The random initiation of microcracks prior to peak stress explains both the spatial distribution of cracks [Narita, 1980] , as well as observations of acoustic emissions in advance of actual fracture [St. Lawrence et al., 1973] . Random fuse models have helped explain damage percolation and crack nucleation [e.g., Shekhawat et al., 2013] . These models could also apply the parameters reported here for snow.
[19] The simulated failure surface (Figure 4) indicates that damage first occurs randomly, at low strains within the sample volume. Upon reaching peak stress, fracture nucleation began in the center of the simulated volume. The artificial boundary created by removing the simulated volume had no effect on crack nucleation.
Macroscopic Features
[20] The simulated yield curves of all snow samples exhibited initial elastic deformation and subsequent pseudoplastic behavior caused by damage (Figures 4, S2 , and S3). Manifesting as pseudo-plastic macroscopic strain, this strain makes up to about 10-50% of the total strain before the peak stress. The observed behavior also illustrates the difficulty of measuring the elastic modulus of snow, as damage occurred at relatively low strain levels, below even those observed by Narita [1980] . This indicates that constraining elastic properties from macroscopic deformation fields requires relatively high spatial and temporal resolution. These measurement capabilities are not yet possible in field environments [van Herwijnen et al., 2010] .
[21] The mean measured tensile strength was 35% smaller than the simulated value. This range in values arises from variation in the mechanical properties of ice. The tensile strength of ice ranges from 2 to 6 MPa [Schulson and Duval, 2009] . Measured tensile strength ranges from 5 to 50 kPa for rounded grains with a density of around 350 kg m -3 [Mellor, 1975] . An input tensile strength of 3 MPa for ice would have yielded a mean value equal to the measured value (t test, p value = 0.996) in simulations. Failure occurred preferentially at grain junctures, where the stress concentrates. The effective local tensile strength is dictated by the crystal orientation.
[22] The strength between two bonded ice crystals, therefore, depends on crystal orientation, and mean ice strength values may, thus, overestimate effective tensile strength. This research, thus, recommends an effective tensile ice strength of 3 MPa as an input to numerical simulations of snow. The low Weibull modulus causes a high degree of variation among samples [Kirchner et al., 2004] , obscuring relationships among different samples. Our results also affirm findings by Kirchner et al. [2004] that sample size and strength of snow do not covary.
Conclusion
[23] The tensile strength of snow can be simulated with a precision comparable to direct empirical observation. Threedimensional numerical models that assume mechanical properties for ice can simulate microstructural damage and its evolution in snow. The constitutive elastic-brittle model described here offers a simple approach requiring only inputs of known elastic and brittle properties. The method demonstrates new techniques for observing damage initiation and crack nucleation in snow. Numerical simulations and experiments using acoustic emissions on other snow types, especially those having different densities, could provide further specific constraints on snow failure. These methods can determine the 3-D structure of snow more easily than direct mechanical experiments. If applied to weak layers, for example, the method can help further elucidate avalanche formation and other fracture phenomena in snow and firn.
